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The inﬂuence of background illumination on saccades towards small target LEDs was examined in three rhesus monkeys. In
darkness, ﬁxational saccades and those aimed at horizontal targets had a trajectory that was biased upward. This bias was not
observed in the illuminated condition. For horizontal saccades, the magnitude of the vertical ﬁnal errors depended on target eccen-
tricity relative to starting eye position. Downward saccades undershot the location where eye position landed in the illuminated con-
dition whereas upward saccades overshot less eccentric targets. Background illumination also inﬂuenced the latency of saccades. The
change in accuracy that aﬀects large saccades is interpreted as resulting from a change in the encoding of the desired displacement
signal that feeds the local feedback loop controlling saccade trajectory.
 2005 Elsevier Ltd. All rights reserved.
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The sudden appearance of an object in the visual
ﬁeld often elicits a rapid orienting movement of the
line of sight towards the object location. Most of
the time, this orienting response consists of a saccadic
movement of the eyes. To generate an accurate sac-
cade, the brain must transform the locus of retinal
activity evoked by the object into an appropriate acti-
vation of extraocular muscles. If the motor mecha-
nisms driving gaze towards its target have been
extensively studied (for reviews see Moschovakis,
Scudder, & Highstein, 1996; Scudder, Kaneko, &
Fuchs, 2002; Sparks, 2002), much less is known about
how the brain encodes the goal of saccades. Existing
models posit that the generation of saccadic eye move-
ments is under the control of a desired displacement0042-6989/$ - see front matter  2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.visres.2005.07.026
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where gaze is pointing and the direction of the target
to foveate. Most studies have used small targets (such
as spots generated by display monitors, light-emitting
diodes or laser spots) to simplify the problem of
extracting a landing position from the two-dimension-
al retinal surfaces. However, two studies conducted in
monkeys have suggested that the visual context of
small targets, such as background illumination does
inﬂuence the accuracy of saccades. In particular, mon-
keys, but not humans, have a less accurate control of
saccadic eye movements when trying to ﬁxate a small
spot of light that appears in the dark: their ﬁxational
saccades have incorrect vertical amplitude (Snodderly,
1987; Snodderly & Kurtz, 1985). An impaired vertical
control of saccades made towards more peripheral
visual targets was also reported by White, Sparks,
and Stanford (1994), in one monkey, they found an
upward shift in the endpoints of saccades to periphe-
ral light-emitting diodes (LEDs) presented in a com-
pletely dark room (see their Fig. 7).
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vide a thorough description of the vertical bias that
speciﬁcally aﬀects saccades generated in the dark. This
is unfortunate because demonstrating that background
illumination inﬂuences saccade accuracy raises funda-
mental questions for understanding how the brain
translates target-related visual signals into saccadic
motor commands. In particular, this ﬁnding suggests
that the oculomotor system uses visual information
not directly related to the object to be foveated such
as its visual surround. Moreover, the underlying
mechanisms are still enigmatic. These changes could
arise as early as at the retinal level: depending on
the background illumination, diﬀerent saccadic eye
movement could be generated if diﬀerent retinal re-
gions were activated by the small peripheral target.
If the starting orientation of the eye is diﬀerent in
darkness, the visual target will activate a diﬀerent ret-
inal zone. Two studies indeed suggested that the back-
ground illumination changes the way a visual target is
ﬁxated by monkeys: an upward ‘‘ﬁxation oﬀset’’ was
found when monkeys stared at visual targets presented
in complete darkness, in comparison with the same
target presented in an illuminated condition (Barash,
Melikyan, Sivakov, & Tauber, 1998; Snodderly,
1987; Snodderly & Kurtz, 1985). Barash and col-
leagues proposed that diﬀerent retinal regions would
be used for ﬁxating a visual target in diﬀerent back-
ground illumination levels. At photopic levels, the fo-
vea is the retinal region used for looking at targets. In
low illumination levels, such as scotopic conditions, a
retinal region intermediate between the fovea and the
dorsal rod peak (Wikler, Williams, & Rakic, 1990)
would be preferred for staring at the same target,
resulting in an upward deviation of the eye. Although
the precise nature and location of this preferred scoto-
pic ‘‘ﬁxation’’ zone and the exact role of the dorsal
rod peak remain obscure, this ‘‘retinal’’ hypothesis im-
plies the existence of two visual axes: one for staring
at targets in photopic conditions and one for scotopic
levels of illumination. Snodderly and Kurtz (1985)
proposed an alternative hypothesis for the oﬀset in
eye position during ﬁxation in darkness: the oﬀset
would be the consequence of inaccurate ﬁxational sac-
cades. The eyes are never perfectly stable during peri-
ods of ﬁxation but display numerous microsaccades
and saccadic intrusions (Abadi & Gowen, 2004; Leo-
pold & Logothetis, 1998; Martinez-Conde, Macknik,
& Hubel, 2004; Skavenski, Robinson, Steinman, &
Timberlake, 1975). An upward bias that systematically
aﬀects saccades generated in darkness could account
for a vertical eye position that on average looks shift-
ed above the ﬁxation target when the background illu-
mination is turned oﬀ (see Fig. 7A of Barash et al.,
1998). This hypothesis of a saccadic origin for the
‘‘ﬁxation oﬀset’’ is similar to the explanation proposedfor horizontal oﬀsets in average eye position after uni-
lateral inactivation in the monkey of the main
cerebellar region involved in saccade generation (the
caudal fastigial nucleus). Deﬁcits in the accuracy of
the horizontal component of saccades that are asym-
metric relative to the vertical meridian (hypermetria
of ipsilesional saccades and hypometria of contrale-
sional ones) are associated with an ipsilesional shift
in the scatter of eye position during ﬁxation (see dis-
cussion of Goﬀart, Chen, & Sparks, 2004 for more
details).
The anecdotal observation that the shift in ﬁxation
position (see in White et al., 1994, Methods) is smaller
than the upward shift in the endpoints of saccades
might be a consequence of scaling the vertical error
with saccade amplitude. It is compatible with the
hypothesis that the ‘‘ﬁxation oﬀset’’ is the consequence
of a change in saccade programming itself. In con-
trast, it is not compatible with the ‘‘retinal’’ hypothe-
sis which would predict a constant vertical oﬀset in
saccade endpoints. The goal of this work is to provide
a more thorough study of the inﬂuence of background
illumination on the generation of visually guided sac-
cades. Herein, we will show (1) that the vertical com-
ponent of ﬁxational saccades is altered in darkness, (2)
that saccades generated in the dark are biased upward
with a magnitude which increases with target eccen-
tricity and (3) that these saccades have a longer laten-
cy. These observations corroborate the ‘‘saccadic’’
hypothesis that the upward ﬁxation bias is the conse-
quence of oculomotor changes that are asymmetric
relative to the horizontal meridian.2. Methods
2.1. Subjects and surgical procedures
Three adult rhesus monkeys (B, E and P) were used in
the present study. A surgical procedure was performed
on each animal under isoﬂurane anesthesia. A Teﬂon-
coated 3-turn magnetic search coil (Cooner Wire, AS
632) was sutured to the sclera under the conjunctiva of
one eye using non-resorbable silk sutures to measure
the horizontal and vertical orientation of the eye with
a phase-angle detection system (CNC Engineering, 3 0
diameter coil frame). Wires were passed under the skin
to a connector located on the top of the skull. During
the same procedure, a head restraint ﬁxture was posi-
tioned on the top front center of the skull and secured
with bone cement (Palacos, Smith and Nephew Inc.) lay-
ered about stainless screws attached to the skull. Train-
ing was initiated after full recovery. All experimental
protocols complied with the guidelines from the French
Ministry of Agriculture (87/848) and from the European
Community (86/609/EEC).
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During all training and experimental sessions, each
animal was placed in a primate chair that prevented
movements of the body. The monkey and the magnetic
ﬁelds were located inside a light proof booth. The inside
lighting conditions were controlled by a halogen lamp
and dimly illuminated (luminance = 0.05 cd/m2). The
head-restrained monkeys were facing a spherical array
of LEDs (red color, 0.16 visual angle, lumi-
nance = 0.37 cd/m2, Minolta CS100) that were all locat-
ed at a distance of 110 cm from the glabella (midpoint
between both eyes). The animals were trained to per-
form a saccade task that shifted gaze from a central ﬁx-
ation LED (located straight ahead) towards a peripheral
target LED. After a warning tone (duration = 300 ms),
a ﬁxation LED was presented and the monkey was given
an interval of 1000 ms for looking at it. If the ﬁxation
LED was acquired and if gaze was maintained within
a spatial window around it (2–3 radius) for a variable
ﬁxation interval (500–2000 ms pseudo-randomly varied
in increments of 250 ms), the ﬁxation LED was extin-
guished, and after a gap of 200 ms, the target LED
was turned on until the reward time. The location of
the target LEDs were pseudo-randomly selected from
10 pre-deﬁned locations along either the horizontal or
the vertical meridian. Reward was delivered if the mon-
key had ﬁxated for at least 300 ms within a spatial win-
dow around the target LED (5 radius). Target locations
were ±24, ±16 and ±8 along the horizontal meridian,
and ±16 and ±8 along the vertical meridian (positive
values corresponding to rightward and upward
positions).
2.3. Data analysis
The ﬁndings presented in this paper were based upon
data obtained from 14 experiments performed in three
monkeys. A calibration procedure in the illuminated
condition preceded each experiment. Eye position sig-Fig. 1. Inﬂuence of background illumination on the scatter of eye position at
one experiment (experiments B4, E3 and P3). Open circles, illuminated condnals were calibrated by having the monkey ﬁxate sta-
tionary targets that were placed ±20 horizontally or
vertically. Then the experiment started with successive
blocks of saccade trials performed in the illuminated
condition and in the dark. Collected data were digitized
online and analyzed oﬄine using a software program
that displayed for each trial the velocity proﬁles of the
horizontal and vertical displacements as well as the tra-
jectory of the eye relative to the ﬁxation and target LED
locations. The onset and oﬀset times of the primary sac-
cades were determined on the basis of a velocity thresh-
old (15/s). Saccades generated 200 ms after the onset of
the ﬁxation interval (ﬁxational saccades) were also ana-
lyzed using a lower velocity threshold (5/s). A 200 ms
delay was used to avoid sampling eye position during
the ﬁrst saccade to the ﬁxation LED. The results of these
automatic detections were checked by visual inspection
of each trial and corrected when required. Several
parameters such as the horizontal and vertical eye posi-
tions at various times within a trial were extracted auto-
matically from detected saccades. ANOVAs were
conducted to test the signiﬁcance of each factor (mon-
key, lighting condition, target eccentricity and saccade
direction) on the ﬁnal error of saccades.3. Results
In agreement with previously published studies (Bar-
ash et al., 1998; Snodderly, 1987), we found that back-
ground illumination had an inﬂuence on the scatter of
eye position during ﬁxation. Fig. 1 shows for one exper-
iment performed in each monkey the scatter of eye posi-
tions at the end of the ﬁxation interval (i.e., when the
central ﬁxation LED was switched oﬀ). Note that
reporting the scatter of eye positions at a precise point
in time diﬀers from calculating the average position of
the eyes over the complete ﬁxation interval as done by
Barash and colleagues. Herein the ﬁxation performance
is reported by a snapshot of eye position before the sac-the end of the ﬁxation interval. For each monkey, data were collected in
ition; ﬁlled circles, darkness. (n = sample size).
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key B was staring at the central ﬁxation LED in com-
plete darkness (ﬁlled symbols), most eye positions were
scattered above the locations observed when the visual
background was illuminated (open symbols). For the
two other monkeys, the upward shift was present but
somewhat smaller than the one observed in monkey B.
It is noteworthy that in darkness, the vertical eye po-
sition measured at the end of the ﬁxation interval signif-
icantly diﬀered from the vertical position observed at the
onset of the same interval. Indeed, in the dark, most sac-
cades initiated after the onset of the ﬁxation LED land-
ed on a position located above the ﬁxation LED and
were followed after variable delays by one or several
subsequent downward ﬁxational saccades (as deﬁned
in Section 2). Fig. 2 shows for each experiment the aver-
age values of horizontal and vertical eye position (error
bar = one standard deviation) 200 ms after the onset (A)
and at the end (B) of the ﬁxation interval. In the early
part of the ﬁxation interval, the average diﬀerences in
horizontal eye positions (left graph in A) between the
dark and illuminated conditions were 0.5 ± 0.2Fig. 2. Change in the scatter of eye position between the onset and the end of
graph) eye position (error bar = 1 SD) 200 ms after the onset (A) and at the en
(open circles, illuminated condition; ﬁlled circles, darkness). The 200 ms dela
ﬁxation LED. Sample sizes for illuminated and dark conditions, respectively:
(E2); 65; 77 (E3); 77, 71 (E4); 36, 63 (E5); 82, 107 (P1); 130, 110 (P2); 64, 5(mean ± one standard deviation of the diﬀerences calcu-
lated for each experiment in monkey B), 0.4 ± 0.3
(monkey E) and 0.07 ± 0.1 (monkey P) whereas the
average diﬀerences in vertical eye positions (right graph
in A) were 1.5 ± 0.5, 1.4 ± 0.6 and 0.8 ± 0.1, respec-
tively. These large diﬀerences in vertical position were
essentially due to the fact that the vertical component
of the preceding saccades overshot the ﬁxation LED
when they were generated in the dark (see below).
Subsequently, one or several (mostly downward) ﬁx-
ational saccades were generated reducing the angular
distance between gaze and target direction. Indeed, at
the end of the ﬁxation interval, the average diﬀerences
in vertical eye position between the dark and illuminated
conditions (right graph in B) dropped to 0.71 ± 0.06
(monkey B), 0.5 ± 0.3 (monkey E) and 0.18 ± 0.07
(monkey P). The average diﬀerences in horizontal eye
position (left graph in B) were also reduced to
0.04 ± 0.10, 0.07 ± 0.11 and 0.01 ± 0.04 in monkey
B, E and P, respectively.
As indicated above, the background illumination had
a consistent eﬀect on the accuracy of saccadic eye move-the ﬁxation interval. Average horizontal (left graph) and vertical (right
d of the ﬁxation interval (B) are shown for each illumination condition
y was used to sample eye position well after the primary saccade to the
17, 21 (B1); 56, 134 (B2); 189, 128 (B3); 72, 36 (B4); 37, 77 (E1); 75, 122
9 (P3); 84, 82 (P4) and 62, 56 (P5).
Fig. 3. Inﬂuence of background illumination on saccades generated during the ﬁxation interval (ﬁxational saccades). (A–C): typical examples of
ﬁxational saccades starting from above (A), below (B) the ﬁxation LED and from the left and the right of the ﬁxation LED (C). Thin trace:
horizontal position (H), thick trace: vertical position (V). (D) Relationships between the amplitude of the horizontal (left graph) or vertical (right
graph) component of the ﬁxational saccade and its starting eye position. Open circles: illuminated condition, ﬁlled circles: darkness. Experiment B2
was selected to show this inﬂuence because in other experiments, upward ﬁxational saccades were less numerous (see text). Number of saccades = 134
(dark) and 56 (illuminated).
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ﬁxational saccades were inaccurate in the dark. Panels
A, B and C provides typical examples of ﬁxational sac-
cades initiated from a position located above (A), below
(B) the ﬁxation LED as well as from a position located
on the same horizontal meridian (C). The vertical com-
ponent was too short for downward ﬁxational saccades
(A) and too large for upward ones (B). When the eyes
were on the same horizontal meridian as the ﬁxation
LED (zero initial vertical eye position in C), ﬁxational
saccades were altered by an upward component (see ar-
rows) that drove the eye above the ﬁxation LED. Panel
D describes how background illumination inﬂuenced
both horizontal (left graph) and vertical (right graph)components of the ﬁrst ﬁxational saccades recorded dur-
ing the same experiment, by plotting the horizontal (ver-
tical) amplitude against the initial horizontal (vertical)
eye position. Theoretically, when the eye position is
deviated x to the left (negative values of horizontal
eye position) or to the right (positive values) of the ﬁxa-
tion LED, a saccade with a horizontal amplitude of x
should cancel the horizontal error between gaze and tar-
get direction. This prediction is illustrated by the oblique
axis in the left graph in Fig. 3D. Similarly, when the eye
position is deviated y below (negative values of vertical
eye position) or above (positive values) the ﬁxation
LED, a saccade with a vertical amplitude value of –y
deg should cancel the vertical error and scatter along
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data points along these oblique axes for saccades gener-
ated in the illuminated condition (open symbols) shows
that the accuracy of the horizontal and vertical compo-
nents was in good agreement with the theoretical rela-
tionship linking the amplitude of each component and
starting eye position relative to the ﬁxation LED. In
darkness (ﬁlled symbols), the overlap of data points with
those collected in the illuminated condition indicates
that the control of the horizontal amplitude was barely
altered (D: left graph). The situation was quite diﬀerent
for the amplitude of the vertical component (D: right
graph). For matched values of vertical initial eye posi-
tion, most saccades initiated from below the ﬁxation
LED had vertical amplitudes that were larger than the
amplitudes observed in the illuminated condition
(hypermetria of vertical component) whereas saccades
initiated from above the ﬁxation LED had vertical
amplitudes that were smaller than the amplitudes ob-
served in the illuminated condition (hypometria of verti-
cal component). The hypometria of downward
ﬁxational saccades was consistently observed in each
experiment and often led to situations where the direc-
tion of gaze and of the ﬁxation LED did not completely
match at the end of the ﬁxation interval. Hypermetric
upward ﬁxational saccades were less frequently observed
because the majority of primary saccades aimed at the
ﬁxation LED ended above the ﬁxation LED.
A multiple regression analysis was performed to
quantify how background illumination inﬂuenced the
relationship between the vertical amplitude of all ﬁx-
ational saccades (Va) and the horizontal (He) and verti-
cal (Ve) eccentricities of the ﬁxation LED according to
the equation Va = a.He + b.Ve + k. In the illuminated
condition, the vertical amplitude of ﬁxational saccades
was essentially inﬂuenced by the vertical eccentricity of
the ﬁxation LED (b = 1.09 ± 0.02, 1.08 ± 0.06 andFig. 4. Inﬂuence of background illumination on the trajectory of primary sacc
other analyses and ﬁgures). Open circles: illuminated condition, ﬁlled circles1.12 ± 0.05 for monkey B, E and P, respectively) and
not by its horizontal eccentricity (a = 0.04 ± 0.09,
0.01 ± 0.09 and 0.04 ± 0.02) or by any other unde-
ﬁned parameter (k = 0.03 ± 0.09, 0.08 ± 0.11 and
0.11 ± 0.14). In darkness, the vertical eccentricity
was not the sole parameter that inﬂuenced the vertical
amplitude since a slight but consistent inﬂuence of hor-
izontal eccentricity appeared (a = 0.10 ± 0.02,
0.09 ± 0.07 and 0.07 ± 0.04 corresponding to average
increases of 0.17, 0.10 and 0.11 with respect to the
regression parameters obtained with saccades generated
in the illuminated condition). A small increase in the y-
intercept was also observed in monkey B and E (average
changes in k = 0.72, 0.28 and 0.09). An ANOVA con-
ducted on the regression parameters revealed signiﬁcant
main eﬀects of illumination condition on regression
parameters a (F (1,22) = 27.86, p < 0.0001), b
(F (1,22) = 40.26, p < 0.0001) and on the y-intercept k
(F (1,22) = 29.74, p < 0.0001). Analysis of interactions
(monkey * illumination condition) also indicated that
the inﬂuence of illumination condition on parameters
b and k diﬀered between monkeys (interaction for
parameter b: F (2,22) = 15.4, p < 0.0001, for parameter
k: F (2,22) = 7.3, p < 0.01).
Background illumination also inﬂuenced large-sized
visually guided saccades. Fig. 4 shows the typical eﬀect
on the trajectory of primary saccades aimed at the
peripheral target LEDs (diamond symbols). The sac-
cades illustrated in this ﬁgure (collected during experi-
ment B4) were selected because they were initiated
from starting eye positions that were comparable be-
tween the dark (ﬁlled symbols) and illuminated (open
symbols) conditions. In darkness, saccades aimed at tar-
gets located along the horizontal meridian (8 and 16 to
the left or to the right) had a trajectory that was biased
upward in comparison with the trajectory of saccades
generated to the same targets in the illuminated condi-ades initiated from comparable starting eye positions only (not true for
: darkness, open diamonds: target locations.
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the very beginning of the saccades and was not corrected
during the saccadic ﬂight, driving the ﬁnal eye position
well above the location that was reached in the illumi-
nated condition. Comparison between the left (8 target)
and right (16 target) panels shows that the magnitude
of the upward bias increased with the horizontal eccen-
tricity of the target. The endpoints of vertical saccades
also diﬀered between the two illumination conditions.
In darkness, the amplitude of downward saccades was
shorter than the amplitude of those generated in the illu-
minated condition whereas the amplitude of upward
saccades was larger.
The average vertical and horizontal ﬁnal errors were
calculated for each experiment and each illumination
condition to quantify the inﬂuence of background illu-
mination on saccade accuracy. The vertical (horizontal)
ﬁnal error is deﬁned as the diﬀerence between vertical
(horizontal) ﬁnal eye position and vertical (horizontal)
target position. Positive values of vertical ﬁnal error cor-
respond to an upward shift of ﬁnal eye position relative
to the target LED whereas positive values of horizontal
ﬁnal error correspond to a rightward shift of ﬁnal eye
position. Fig. 5 plots the mean (±SD) vertical ﬁnal er-
rors for the complete set of saccades recorded across
all experiments as a function of target position for each
monkey and for each saccade direction (A, leftward; B,
rightward; C, downward; D, upward). A comparison of
vertical ﬁnal errors in Fig. 5 with the values of vertical
eye position in Fig. 2B (right graph) shows that the mag-
nitude of vertical ﬁnal errors was much larger than the
upward shift in starting eye position. This diﬀerence viv-
idly appears when one compares values obtained with
the most eccentric targets (16 and 24 targets). Consid-
ering for instance saccades toward the 16 rightward tar-
get, the diﬀerences in vertical ﬁnal error (measured for
each experiment) were consistently larger (paired t test,
p < 0.05) than the diﬀerences in vertical initial eye posi-
tion (average diﬀerences between both sets of diﬀerenc-
es = 1.1 ± 0.4, 1.0 ± 0.3 and 1.1 ± 0.8 for monkey
B, E and P, respectively). For the 16 leftward target,
the diﬀerences were also signiﬁcantly larger in monkeys
E (0.8 ± 0.2) and P (0.7 ± 0.1) but did not reach statis-
tical signiﬁcance in monkey B (0.5 ± 0.4, n = 4,
p > 0.05). The vertical ﬁnal error of vertical saccades
was consistently larger in the dark than in the illuminat-
ed condition (the only exceptions are upward saccades
to the 16 target in monkey P). Moreover, for horizontal
saccades generated in darkness (A and B), the vertical ﬁ-
nal error clearly increased with target eccentricity. An
ANOVA conducted on the mean vertical ﬁnal errors
of horizontal saccades (mean values calculated for each
experimental session) revealed signiﬁcant main eﬀects of
illumination condition (F (1,132) = 574.2, p < 0.0001),
target position (F (2,132) = 93.9, p < 0.0001) and sac-
cade direction (F (1,132) = 17.5, p < 0.0001). Althoughdiﬀerent monkeys showed diﬀerent sensitivity to illumi-
nation conditions (F (2,132) = 11.4, p < 0.0001), signiﬁ-
cant interactions between illumination and movement
direction were found (F (1,132) = 12.0, p < 0.001) and,
more interestingly, between illumination and target po-
sition (F (2,132) = 28.4, p < 0.0001). This interaction
was not signiﬁcantly diﬀerent between monkeys
(F (4,132) = 0.94, p value = 0.44). To test the dependen-
cy of vertical ﬁnal error with target eccentricity, the
average diﬀerences in vertical ﬁnal errors between the
illuminated and the dark conditions were computed
for both rightward and leftward saccades and for each
monkey. Signiﬁcant correlations were found between
the average diﬀerences in vertical ﬁnal errors (Dv) and
the three tested target eccentricities (x = 8, 16 and
24) (Pearson correlation coeﬃcients R = 0.82 and 0.76
for leftward and rightward saccades, respectively,
p < 0.05). Quantitatively, the relationship between both
parameters was described by the equations
Dv = 0.05x + 0.47 for leftward saccades and
Dv = 0.08x + 0.34 for rightward ones (linear regression
analysis). For vertical saccades, the ANOVA also re-
vealed a signiﬁcant main eﬀect of illumination condition
(F (1,74) = 262.7, p < 0.0001), target position
(F (2,74) = 97.8, p < 0.0001) and saccade direction
(F (1,74) = 7.8, p < 0.01). Again, diﬀerent monkeys
showed diﬀerent sensitivity to illumination conditions
(F (2,74) = 11.1, p < 0.0001). A signiﬁcant interaction
was found between illumination and saccade direction
(F (1,74) = 41.9, p < 0.0001) and, more interestingly, be-
tween illumination and target eccentricity
(F(1,74) = 4.2, p < 0.05). This interaction was not signif-
icantly diﬀerent between monkeys (F (2,74) = 0.86, p
value = 0.42) but depended on saccade direction
(F(1,74) = 12.6, p < 0.001).
Concerning the horizontal component of saccades
(lower graphs in A and B), the horizontal ﬁnal error in-
creased with more eccentric targets but the ANOVA
failed to reveal any signiﬁcant eﬀect of the illumination
condition (F (1,132) = 0.8, p value = 0.36) on the mean
horizontal ﬁnal error of horizontal saccades.
We now show that horizontal saccades did not carry
out the vertical oﬀset in starting eye position and that
their programming took into account the initial vertical
deviation of the eyes. Fig. 6 plots for each monkey the
relationship between the vertical initial eye position
and the vertical amplitude of all recorded saccades
aimed at targets located 8 to the right in both illumina-
tion conditions. Theoretically, a saccadic eye movement
directed toward a horizontal target should be directed
slightly downward (or upward) if the starting eye posi-
tion were slightly deviated upward (or downward) rela-
tive to the horizontal meridian. In order to maintain
saccade accuracy, a vertical component should be added
for cancelling any vertical initial deviation of the eye.
Such a correction is illustrated by the linear theoretical
Fig. 5. Inﬂuence of background illumination on the vertical ﬁnal error of saccades. Average values (error bars = 1 SD) for the complete set of
recorded saccades (i.e., from all experiments) are plotted for each saccade direction ((A): leftward, (B): rightward, (C): downward and (D): upward
saccades), each target position (8, 16 and 24) and each monkey. Horizontal ﬁnal errors of horizontal saccades are also provided (lower part of (A
and B)). The ‘‘dark’’ and ‘‘illuminated’’ traces are slightly displaced horizontally for clarity purpose. Number of saccades to the 8, 16 and 24
leftward target (A): n = 51, 39 and 41 (illuminated) and 57, 54 and 57 (dark) in monkey B; n = 46, 43 and 47 (illuminated) and 42, 47 and 46 (dark) in
monkey E; n = 52, 47 and 42 (illuminated) and 48, 59 and 53 (dark) in monkey P. Number of saccades to the 8, 16 and 24 rightward target (B):
n = 43, 46 and 55 (illuminated) and 72, 56 and 47 (dark) in monkey B; n = 47, 37 and 41 (illuminated) and 42, 40 and 43 (dark) in monkey E; n = 46,
21 and 24 (illuminated) and 44, 37 and 35 (dark) in monkey P. Number of saccades to the 8 and 16 downward target (C): n = 21 and 19 (illuminated)
and 32 and 36 (dark) in monkey B; n = 43 and 40 (illuminated) and 50 and 45 (dark) in monkey E; n = 30 and 32 (illuminated) and 28 and 36 (dark)
in monkey P. Number of saccades to the 8 and 16 upward target (D): n = 19 and 20 (illuminated) and 35 and 39 (dark) in monkey B; n = 40 and 39
(illuminated) and 49 and 53 (dark) in monkey E; n = 35 and 27 (illuminated) and 31 and 39 (dark) in monkey P.
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oblique line in each plot. In the illuminated condition
(open symbols), the relationship between the vertical ini-
tial eye position and the vertical amplitude of all hori-
zontal saccades (leftward and rightward saccades
aimed at the 8, 16 and 24 targets) closely matched thistheoretical relationship (y-intercepts = 0.3, 0.6 and
0.1; slopes = 0.98, 1.0 and 0.97; n = 275, 261
and 232 saccades, for monkey B, E and P, respectively).
In darkness, when the eyes were initially directed toward
the ﬁxation LED (zero vertical initial position), i.e.,
when the eyes were in the same orientation as in the illu-
Fig. 6. Inﬂuence of background illumination on the relationship between vertical initial eye position and the vertical component of horizontal
saccades toward a 8 eccentric target. Open circles: illuminated condition (n = 43, 47 and 46 saccades in monkey B, E and P, respectively), ﬁlled
circles: darkness (n = 72, 42 and 44 saccades). See text for more details.
L. Goﬀart et al. / Vision Research 46 (2006) 149–162 157minated condition, the vertical amplitude of the saccade
was positive corresponding to an upward trajectory (as
shown qualitatively in Fig. 4). Saccades starting from
1 and up to 2 (in monkeys B and E) above the ﬁxation
LED remained horizontal (zero vertical amplitude). The
regression analysis of the relationship between vertical
initial eye position and vertical amplitude gave 2.1
and 2.0 y-intercepts values and 0.94 and 0.70 slopes
values, for monkey B (n = 343) and E (n = 260), respec-
tively. The regression parameters are not provided in
monkey P because the regression analysis was not statis-
tically signiﬁcant (due to a smaller range of initial verti-
cal eye positions in darkness). Only one experiment in
monkey P (P1) gave data where the regression reached
statistical signiﬁcance: in that case, the y-intercept and
slope values were 1.73 and 1.0, respectively. The y-in-
tercept values of the regression lines ﬁtting the relation-
ship between vertical initial eye position and vertical
saccade amplitude were also calculated for each target.
In accordance with the dependence of vertical ﬁnal error
with horizontal target eccentricity, their value increased
with increasing target eccentricity: in monkey B, y-inter-
cepts were 1.4, 2.2 and 2.7; in monkey E, y-intercepts
were 0.9, 2.0 and 2.8, for the 8, 16 and 24 eccentric
target, respectively.
Because saccade duration increases with target eccen-
tricity, the increase in vertical ﬁnal errorwith target eccen-
tricitymay indirectly be due to a relationshipwith saccade
duration. This possibility was examined by analyzing for
eachmonkey and for each target the relationship between
the vertical ﬁnal error and the duration of horizontal sac-
cades generated in the dark. Fig. 7 shows that signiﬁcant
correlations could sometimes be observed between both
parameters (e.g., rightward saccades toward the 8 target
in monkey B and E) but not consistently (lack of signiﬁ-
cant correlation for the three other targets in monkey B
or for any target in monkey P).
One last parameter that was inﬂuenced by the back-
ground illumination was the latency of saccades. Fig. 8shows the latency distribution for all saccades aimed
at horizontal (left column) and vertical (right column)
targets that were recorded in monkey B in the illuminat-
ed condition (blue) and in darkness (red). The latency
distribution of saccades generated in the illuminated
condition exhibited a distinct peak of saccades with
latencies ranging between 100 and 150 ms. Interestingly,
this peak disappeared in darkness. The remaining of the
latency distribution was slightly shifted toward longer
latencies. A similar trend was seen in the other monkeys.
For each monkey and each target group, the latency was
signiﬁcantly longer in darkness than in the illuminated
condition. For saccades aimed at horizontal targets,
the diﬀerences in average latency were 22, 23 and
50 ms for monkey B, E and P, respectively (correspond-
ing to 10%, 17% and 22% increase). For saccades aimed
at vertical targets, the diﬀerences in average latency were
77, 32 and 34 ms for monkey B, E and P, respectively
(corresponding to 50%, 20% and 14% increase). Further
analysis of the relationships between the latency and the
vertical ﬁnal error of horizontal saccades did not reveal
any signiﬁcant change of saccade accuracy with increas-
ing saccade latencies.4. Discussion
The present study provides for the ﬁrst time quantita-
tive data demonstrating the inﬂuence of background
illumination on the generation of saccades directed to-
ward small visual targets. Our results are threefold.
First, an upward shift in the scatter of eye positions
was observed in darkness when the monkeys stared at
a ﬁxation LED located straight ahead. Second, in dark-
ness, saccades aimed at peripheral target LEDs were
characterized by an increase in latency and by an
upward bias that systematically altered their trajectory.
Because the magnitude of the bias increased with target
eccentricity (at least within the tested range), the vertical
Fig. 7. Relationship between the duration and the vertical ﬁnal error of horizontal saccades generated in the dark. Regression analysis was
performed for the complete set of saccades in response to the 8 and 16 targets and the statistical signiﬁcance of the Pearson correlation coeﬃcient is
provided for each relationship. N.S.: non-statistically signiﬁcant correlation. Sample sizes can be found in Fig. 5.
Fig. 8. Inﬂuence of background illumination on the latency of saccades aimed at horizontal (left) and vertical (right) targets (data from monkey B).
Blue: illuminated condition, red: darkness. N = Number of saccades.
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vertical oﬀset in ﬁxation carried out from the starting
position. Third, the vertical component of ﬁxational sac-
cades was also altered in a way that could account for
the upward shift in the scatter of eye position during ﬁx-
ation. In the following, we compare these observations
to those reported in previous studies and discuss the
functional origin of the change in accuracy that impairs
saccades generated in darkness.
4.1. Upward shift in eye position during ﬁxation
When the monkey stared at the ﬁxation LED, the
scatter of eye positions observed in darkness was on
average located above the scatter of eye positions ob-
served in the illuminated condition. The magnitude of
the vertical oﬀset was small but consistent across exper-
imental sessions and monkeys. A similar upward shift
has already been reported by earlier studies (Barash
et al., 1998; Snodderly, 1987) and two diﬀerent explana-
tions have been proposed.
A ‘‘retinal’’ explanation suggests that diﬀerent retinal
regions are used for ﬁxating a visual target in diﬀerent
background illumination levels (Barash et al., 1998).
At photopic illumination conditions, the fovea is the ret-
inal region used for looking at targets whereas in scoto-
pic conditions, a region at a retinal location intermediate
between the fovea and the dorsal rod peak (Wikler et al.,
1990) would be preferred for staring at the same target.
According to this hypothesis and assuming that the
same dorsal peri-foveal zone is used for staring at
straight-ahead ﬁxation LEDs located at diﬀerent depths,
the average shift in vertical eye position during ﬁxation
should increase with LEDs that are closer to the mon-
keys eyes. Our experimental setup did not allow varying
the distance of the LED array relative to the animal.
However, the comparison of the average shift in the
scatter of eye position during ﬁxation between our study
and that of Snodderly (1987) clearly shows that the ver-
tical oﬀset does not increase with closer targets. In our
study, the LED array was situated 110 cm in front of
the animal and the average shifts in vertical eye position
were 54, 42 and 18 min of arc (in monkey B, E and P,
respectively). In Snodderlys study (1987), the display
monitor was located 54–60 cm in front of the monkey
and the average shifts in vertical eye position (44 and
15 min of arc) were quite comparable to our mean val-
ues. Although a more formal study would be necessary,
these data do not support the hypothesis that a peri-fo-
veal region is used for staring at a small target in dark-
ness. A simpler and more conservative hypothesis can be
formulated for explaining the upward shift in eye posi-
tion during ﬁxation.
This alternative hypothesis suggests that the upward
oﬀset in ﬁxation position is due to inaccurate ﬁxational
saccades. The eyes are never perfectly stable during peri-ods of ﬁxation but display numerous microsaccades and
saccadic intrusions in both monkeys and man (Abadi &
Gowen, 2004; Leopold & Logothetis, 1998; Martinez-
Conde et al., 2004; Skavenski et al., 1975).As initially pro-
posed by Snodderly and Kurtz (1985), an upward bias
that systematically aﬀects ﬁxational saccades generated
in darkness can explain the oﬀset observed in the average
vertical eye position when the background illumination is
turned oﬀ. The analysis of ﬁxational saccades reported in
our study clearly supports this explanation. Thus, the
apparent ‘‘ﬁxation oﬀset’’ would be a residual eﬀect of
changes in the accuracy of ﬁxational saccades. In other
terms, the upward shift in eye position during ﬁxation
would be the consequence that all horizontal ﬁxational
saccades have an upward deviation and that downward
ones are hypometric. Under such conditions, more time
would be required to appropriately foveate a small target
LEDand the probability that the eyeswere directed above
the target location would be increased, leading to the
impression that themonkey is on average staring at an up-
ward location. Comparable shifts in the scatter of eye
positions during ﬁxation have been observed in patholog-
ical conditions associatedwith changes in saccade accura-
cy and latency that are asymmetric with respect to the
vertical meridian. In particular, when the saccade-related
region of the caudal fastigial nucleus (cFN) is pharmaco-
logically inactivated in the monkey, an ipsilesional ‘‘ﬁxa-
tion oﬀset’’ is observed at the same time that ipsilesional
saccades become hypermetric and contralesional sac-
cades hypometric (Goﬀart et al., 2004; Robinson, Stra-
ube, & Fuchs, 1993; see also Goﬀart & Pe´lisson, 1997,
1998 for results in the headunrestrained cat showing addi-
tional asymmetric changes in latency). The shift in ﬁxa-
tion position is contralesional when contralesional
saccades become hypermetric and ipsilesional saccades
hypometric, such as after bicuculline injection in the
cFN (Sato & Noda, 1992). It is not meant here that the
cFN is involved in processing visual information from
background illumination but merely, that asymmetric
changes in saccade generation can be associated with
changes in the scatter of eye position during ﬁxation.
4.2. Upward bias of visually guided saccades generated in
darkness
In darkness, the trajectory of visually triggered sac-
cades was systematically deviated in the upward direc-
tion. Upward saccades were hypermetric, downward
saccades were hypometric and horizontal saccades were
deviated upward. The upward bias was not corrected
during the saccade, driving systematically the eye above
the actual target location. In the context of a control of
saccade accuracy by a local negative feedback loop
reducing the diﬀerence between desired eye position/dis-
placement and current eye position/displacement (Bar-
ton, Nelson, Gandhi, & Sparks, 2003; Ju¨rgens, Becker,
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pensation for the upward deﬂection in saccade trajecto-
ry indicates that the change in vertical amplitude was
not taken into account in the feedback signal (current
eye position/displacement signal). This point would im-
ply that the background visual information available
when the environment is illuminated contribute to the
encoding of the feedback signal and prevent a systematic
upward bias from deviating saccades. However, the
duration of saccades generated in the illuminated condi-
tion are too short (e.g., 55, 46 and 59 ms average dura-
tion for saccades aimed at the 16 horizontal targets in
monkeys B, E and P, respectively) for retinal signals to
inﬂuence the activity of motoneurons driving the extra-
ocular muscles during the on-going saccade. Moreover,
the lack of correlation between vertical ﬁnal errors and
saccade durations for movements generated in darkness
(Fig. 7) indicates that the inﬂuence of background illu-
mination does not act downstream from the local feed-
back loop either. Indeed, according to the feedback
control model, and assuming that no change occurs in
the feedback path, the saccade duration is determined
by the time required to update and subside the dynamic
motor error. Under such conditions, the addition of a
vertical bias downstream from the feedback loop would
lead to larger vertical ﬁnal errors with longer saccade
duration. Clearly, no such relationship was consistently
observed in our study.
The remaining possibility oﬀered by the negative
feedback control scheme is that the background illumi-
nation contributes to the encoding of the desired dis-
placement signal. The small upward shift in the scatter
of eye positions when monkeys stared at a small ﬁxation
LED in darkness (this study; Barash et al., 1998; Snod-
derly, 1987) leads to a situation where the retinal coor-
dinates of the peripheral target LED diﬀer from those
in the illuminated condition. Consequently, the diﬀerent
retinal activations associated with each starting eye po-
sition lead to diﬀerent desired displacement signals.
But this diﬀerence can not be responsible for the upward
deﬂection in the trajectory of horizontal saccades in
darkness since an upward shift in starting eye position
should rather lead to a downward deﬂection. Moreover,
the increase of vertical ﬁnal error with horizontal target
eccentricity and the negative slopes found in the rela-
tionship between vertical starting eye position and the
vertical amplitude of horizontal saccades (Fig. 6) indi-
cate that horizontal saccades did not carry out the oﬀset
in starting eye position and orient a conﬁned region dor-
sal to the fovea toward the target LED but were aimed
at a shifted goal.
Other studies have shown that an upward bias also
aﬀected saccades aimed at the remembered location of
a visual target (Gnadt, Bracewell, & Andersen, 1991;
Stanford & Sparks, 1994; White et al., 1994; see also
Barton & Sparks, 2001). The vertical ﬁnal error of sac-cades to remembered targets has been shown to com-
prise both a variable and a systematic component. The
variable error increases with the delay period running
from the oﬀset of the ﬂashed target until the cue signal
allowing the monkey to generate its saccade. In our
study, the target LED remained turned on until
300 ms after the eye reached its ﬁnal position, thus elim-
inating the memory component of the saccade genera-
tion. Moreover, the observed vertical bias was much
smaller and did not vary with saccade latency. Thus, it
is unlikely that vertical biases observed herein could be
explained by a bias speciﬁcally related to the generation
of memory-guided saccades. Interestingly, Gnadt et al.
(1991) observed that the magnitude of the systematic er-
ror that aﬀects saccades towards remembered targets
was signiﬁcantly reduced by the addition of a textured
background (random dots) or by dim illumination. This
observation and the data presented herein indicate a sig-
niﬁcant inﬂuence of a structured visual background on
the generation of accurate saccades (see also White
et al., 1994).
4.3. Neural basis of the upward bias
What neural mechanism could account for this
change in the encoding of the desired displacement com-
mand? On the visual input side, the population of cells
that ‘‘see’’ the target LED in the visual ﬁeld is distributed
over a territory (e.g., in the superior colliculus or in the
visual cortex) according to a point spread function (Al-
bus, 1975; McIlwain, 1975). In scotopic conditions, the
general increase of receptive ﬁeld size along the retino-
geniculo-cortical pathway (e.g., Ramoa, Freeman, &
Macy, 1985; Shevelev, Volgushev, & Sharaev, 1992) sug-
gests that the distribution of cells activated by the onset
of a visual target is largely expanded. In darkness the ret-
inal sampling is mostly extracted from rods (Orban,
1984). As the rod distribution is annular and peaks at
the dorsal retina (Wikler et al., 1990), the resulting point
spread function should be distorted in comparison to the
one produced in photopic conditions (symmetrical and
peaking at the fovea). In other terms, the scotopic condi-
tions would lead to a diﬀerent neural ‘‘image’’ of the tar-
get LED and thus to a diﬀerent encoding of the desired
displacement signal, which ultimately would be responsi-
ble for the changes in saccade endpoints. Further studies
are required to determine how the diﬀerent rod and cone
distributions inﬂuence the retinal transfer function. In
particular, it is important to determine whether the rod
density is biasing this transfer function away or toward
the dorsal rod peak. Indeed, if the saccade goal were
speciﬁed by a rod input that is biased toward the dorsal
rod peak, the resulting change in saccade endpoints
should be downward and not upward.
A change in the encoding of the saccade goal in dark-
ness does not necessarily take place in visual cortical
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ator. For example, studies of the movement ﬁeld proper-
ties of saccade-related neurons in the deep Superior
Colliculus (dSC) have shown that the addition of the up-
ward bias of saccades to remembered targets was taking
place downstream from these neurons (Stanford &
Sparks, 1994). It would be extremely interesting to test
whether similar changes in movement ﬁeld occur during
visually guided saccades generated in the dark. Besides,
it has been shown that bilateral inactivation of the ven-
trolateral corner of cerebellar posterior interpositus
nucleus (VPIN) by local injection of muscimol causes
an upward bias for visually guided saccades to both hor-
izontal and vertical targets (Robinson, 2000). After
VPIN bilateral inactivation in two monkeys, upward
saccades were hypermetric, downward saccades and left-
ward and rightward saccades angled upward from hori-
zontal to end above their target. This result is obviously
similar to the vertical bias that aﬀects visually guided
saccades in darkness. Unfortunately, the relationship
between vertical ﬁnal error and horizontal target eccen-
tricity after bilateral VPIN inactivation was not docu-
mented in Robinsons study nor were the illumination
testing conditions provided. It would be very interesting
to verify whether the vertical ﬁnal error of saccades gen-
erated after VPIN inactivation is further increased when
the background illumination is turned oﬀ or whether it
is unchanged. In the ﬁrst case, it would suggest that
the changes that aﬀect saccades generated in darkness
and those induced by VPIN bilateral inactivation relate
to two diﬀerent neural mechanisms. In the second case,
it would suggest an involvement of this cerebellar region
in the processing of background visual information for
specifying the goal of saccades.5. Conclusion
Our study shows that (i) the small upward bias ob-
served in saccades generated in darkness cannot be
attributed to a new foveation zone but rather as a con-
sequence of an inaccurate control of the vertical ampli-
tude of saccades, and (ii) that these changes in saccade
accuracy are more likely due to a change in the encod-
ing of the desired displacement that feeds the local
feedback loop controlling saccade trajectory. Further
experiments are required to determine whether these
changes are taking place at the level of subcortical or
cortical structures.Acknowledgments
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